A wide variety of strategies exists for identifying environmental flow targets and thresholds, which have been reviewed elsewhere (e.g., Jowett 1997 , Tharme 2003 , McKay 2013 . While more complex methods exist, simple hydrologic thresholds remain extremely common in practice. Hydrologic indices calculated from historically observed discharge data at daily, monthly, or annual time-scales typically form the basis for these operational rules. Minimum flow levels set a river discharge (or stage) below which water may not be withdrawn, and these techniques are extremely common in setting regulatory thresholds at annual or monthly timescales. Percent of flow methods represent a second simple environmental flow technique, in which a percent deviation from an upstream discharge rate guides withdrawal amounts or reservoir operations. Percent of flow methods (i.e., sustainability boundaries) are gaining popularity, in part, due to straightforward operational goals and the capacity to preserve natural variability in flow regimes (Richter 2010; Richter et al. 2011 ).
Rivers are extremely dynamic systems, and flow regimes often exhibit many sources of variability both within a year (e.g., seasonal periodicity) and between years (e.g., wet and dry years) (Sabo and Post 2008) . Accordingly, a growing body of researchers have pressed river managers to not only manage variability, but manage for variability (Arthington et al. 2006; Poff 2009; McKay et al. 2016 ). However, environmental flow thresholds are often set based on "typical" river flow levels (i.e., long-term averages or central tendencies). Historically, river engineers have struggled to cope with the challenges of what discharges to use in design and management, and a common method for incorporating the magnitude and frequency of events is "effectiveness analysis" (Wolman and Miller 1960) . Recently, this family of techniques has been adapted for ecological applications in streams (Doyle et al. 2005; Wheatcroft et al. 2010) , including environmental flow analyses (McKay et al. 2016 ).
The purpose of this TN is two-fold. First, a set of methods for comparing simple environmental flow alternatives and developing flow thresholds is demonstrated, which applies the common approach of habitat analyses. Second, the role of variability in setting flow management thresholds by comparing environmental flow recommendations developed using typical river levels (i.e., long-term averages) with those developed using a frequency-weighted approach (i.e., effectiveness analysis) is examined. The analysis and findings of this TN focus on a case study in the Middle Oconee River near Athens, Georgia, but the techniques applied are transferrable to applications elsewhere.
MIDDLE OCONEE RIVER, GEORGIA:
As a result of growing human population and economic development in northeast Georgia, surface water withdrawal is projected to increase until at least 2050 (Northeast Georgia Plan 2011; Upper Oconee Regional Water Plan 2011). The Middle Oconee River is a sixth-order tributary of the Altamaha River located in northeast Georgia with a drainage area of 398 mi 2 . Rapid development in the region has increased municipal water demand, and as a response, Bear Creek Reservoir was constructed in 2002 to meet municipal water needs of four surrounding counties. Bear Creek Reservoir is a pumpstorage reservoir located on a tributary, but filled with water from the Middle Oconee River. Since 1938, the U.S. Geological Survey (USGS) has operated a long-term streamflow monitoring station downstream of the intake on the Middle Oconee River (Gage number 02217500) (Figure 1 ). The four-county water authority is permitted to withdraw a maximum of 60 million gallons per day (MGD) (Georgia EPD Permit Number 078-0304-05) subject to meeting minimum flow criteria. Currently, the reservoir typically withdraws less than 20 MGD (Campana et al. 2012) , but the permitted rate represents a substantial portion of river discharge (60 MGD = 92.8 cfs), particularly during the late summer months when flow rates are lowest (September mean = 237 cfs translates to a maximum withdrawal of 39% of discharge). Thus, this system provides a unique long-term flow data set with minimal flow alteration (i.e., few upstream withdrawals and no major impoundments) including an opportunity to examine the effects of flow management actions for a pump-storage configuration, which are becoming more common in the region. Figure 1 . Long-term, minimally altered hydrograph on the Middle Oconee River near Athens, Georgia USGS 02217500. The shaded area represents the lowest and highest discharge observed on each day of the year for the entire period of record, the solid black line represents the daily median for the period of record, the dashed black line represents the average annual daily mean for the period of record, and the red dashed line represents the maximum permitted pump capacity for Bear Creek Reservoir (92.8 cfs). below which water may not be withdrawn. The minimum flow threshold was varied from 0-1,000 cfs, in 10 cfs increments (101 simulations). 3. Monthly minimum flow (MMF): This method assigns a monthly-varied flow threshold below which water may not be withdrawn, which incorporates elements of flow timing not captured in annual minimum flows. Flow thresholds were varied in 101 intervals (101 simulations) from the minimum observed monthly-averaged flow to the maximum observed monthly-averaged flow for the 60-year record for each of the 12 months. 4. Percent of flow (POF): This method withdraws a specified percentage of the unaltered discharge, which was varied from 0-50% by 0.5% (101 simulations).
METHODS:
For each simulation, the unaltered hydrograph was modified for the entire 60-year observational period (i.e., 1938-1997) . Water was withdrawn at a maximum rate of 60 MGD as constrained by existing pump capacity. Although previously acknowledged as operational constraints (Vogel et al. 2007 ), neither reservoir volume limitations nor increased water treatment costs due to turbidity of high flows were included in this analysis. Each simulation produced a 60-year record of daily river discharge and daily water withdrawal, which are subsequently used in habitat trade-off analyses. Ad hoc numerical models were developed in the R statistical software (R Development Core Team 2012), the code is available from authors upon request.
Hydraulic Modeling. While hydrologic alteration is a common surrogate for ecological integrity, habitat analyses were applied here to converted hydrologic change into hydraulic variables (e.g., velocity and depth at steady state), which are often more ecologically relevant. Here, the USACE Hydrologic Engineering Center's River Analysis System (HEC-RAS version 4.1.0) was applied to assess channel hydraulics along with the accompanying HEC-GeoRAS (Version 10.1), which facilitates geospatially explicit analyses in ArcGIS ® (Brunner 2001 ).
The study area encompasses a small reach near Ben Burton Park in Athens, Georgia, which is approximately 1200 ft long and 150-200 ft wide. Elevation data were compiled from three sources to generate an integrated digital elevation model (DEM) of the topography and bathymetry of the study site (Figure 2 ). High-resolution Light Detection and Ranging (LiDAR) data were obtained from local government, 1 which provided a 4 ft X 4 ft gridded DEM for bank and floodplain zones. Eleven cross-sectional surveys were collected at the site in June-July 2013 to better characterize underwater bathymetry, a common gap in LiDAR measurements.
2 Ten additional cross sections were collected in November-December 2015 to fill gaps in surveyed cross section data. To validate consistency between the different survey teams, four of the cross sections collected in 2013 and 2015 were surveyed by both survey teams. All cross-sectional surveys included points in bank and floodplain zones to assist in merging with the LiDAR data. The inverse distance-weighting tool in ArcMap was used to interpolate between elevation data gaps to form a gridded elevation layer for the LiDAR data and both sets of field surveys. All three data sets were stitched together, with LiDAR data used for floodplain zones (i.e., above the top of bank elevation of 570 ft) and survey data used for channel and bank zones (i.e., below the top of bank elevation of 570 ft). The combined raster data were converted to a triangular irregular network (TIN) as the primary input to HEC-RAS. In addition to terrain, HEC-RAS requires user-inputs related to flow paths, channel slope, and channel roughness. Flow paths were demarcated using HEC-GeoRAS. Following standard convention, floodplain flow paths were defined as the center of mass between the top of the bank and the extent of the floodplain (roughly 1/3 of the distance from the banks and 2/3 from the floodplain extent). To estimate channel slope, thalweg measurements in each cross section (i.e., the deepest point) were plotted against longitudinal distance downstream. The slope of the best fit, linear regression of these data were used as the channel slope, 0.00245 ft/ft. Channel roughness (Manning's n) was estimated through iterative calibration. A starting Manning's n value was selected from standard tabulated values for the channel and floodplain environments in the study site (i.e., Tables 5-5 Habitat Analysis. The Middle Oconee River has high biodiversity with over 27 species of native fish caught at the study site. 1 For comparison, the entire Colorado River Basin has fewer than 30 species of native fish. The biodiversity of southeastern streams makes a species-byspecies habitat assessment prohibitively difficult and impractical (Bowen et al. 1998) . To fill this gap, Freeman et al. (1997) developed generalized habitat suitability criteria for nine fish species by including depth, velocity, substrata type and cover. This study addressed three key types of habitat for local taxa, which are comparable to assemblages observed by Freeman et al. (1997) , with the following accompanying criteria for depth and velocity: shallow-fast, deep-fast, and shallow-slow (Table 1) . Using these criteria, habitat suitability was predicted over 79 incremental values of river discharge: 10-200 cfs (by 10 cfs), 200-1,000 cfs (by 20 cfs), and 1,000-20,000 cfs (by 1,000 cfs). For each discharge, HEC-RAS was executed under steady-state conditions, and spatially explicit velocity and depth distributions were generated. A Python script was then applied in ArcGIS to calculate wetted usable area (i.e., total available habitat) and suitability for each habitat type for each of the 79 discharge simulations (Example shown in Figure 3 ).
Each of the 304 environmental flow regimes were then assessed based on habitat suitability. First, aerial extent of the four habitat types (shallow-fast, deep-fast, shallow-slow, and total wetted area) was mapped at the average annual discharge for each of the 304 flow regimes. This provides an overall assessment of the rate of decline in available habitat with increasing water withdrawal, on average. Second, magnitude-frequency analysis was used to estimate the amount of habitat across the entire range of the flow regime (Figure 4 ). For each environmental flow scenario, a frequency distribution of all discharge values was obtained (frequency curve in Figure 4 ). A habitat rating curve was developed from the HEC-RAS simulations for all four habitat types. The product of the amount of habitat (i.e., magnitude) and probability of occurrence (i.e., frequency) provides a relative measure of the time-weighted amount of habitat (i.e., the effectiveness curve in Figure 4 ). The area under this curve is the total amount of a given habitat type provided by the entire flow regime over the 60-year simulation period, which provides a more robust measure of habitat than habitat quantity at the average annual discharge. 
RESULTS AND DISCUSSION:
Simulations of environmental flow scenarios resulted in different types of hydrologic alteration for each of the three strategies (AMF, MMF, POF). Impacts to the discharge time series on flow magnitude were noticeably different between minimum flow strategies and percentage-based strategy, even at similar amounts of total withdrawal. The minimum flow approaches led to periods of "flat-lining" ( Figure 5 , top left), where modeled discharge reaches the minimum flow, set as the lower allowable limit in the model, whereas the POF approach maintained variability throughout the simulation, not being limited by a pre-determined minimum flow ( Figure 5 , top right). In addition to changes in river hydrographs, the strategies led to different withdrawal volumes in each of the 60 years simulated ( Figure 5 , bottom).
Hydraulic and habitat simulations provided a mechanism to construct habitat rating curves for each of the four types of habitat assessed here (total, shallow-fast, deep-fast, and shallow-slow) ( Figure 6 ). As expected, total habitat increases with increasing discharge (Figure 6 ). However, the distribution of habitat types changes dramatically over the range of discharges simulated. In particular, shallow-fast habitat appears only during a narrow band of discharges and represents a small portion of the total habitat, a notable outcome given the disproportionately high biodiversity of these "shoal" conditions (Travnichek and Maceina 1994) . The mosaic of habitats is, thus, differentially affected with changes in the environmental flow regime. These simulations provide a mechanism to assess trade-offs between municipal water supply and habitat provision under the three environmental flow schemes (AMF, MMF, POF). While the average municipal water yield across the scenarios is of interest to many applications, municipal water suppliers must often focus on the outcome with the greatest potential for societal impact, the minimum water yield across the 60-year simulation. This represents the worst case scenario for water supply outcomes, and thus, is used in assessing trade-offs with habitat ( Figure 7 ). The three environmental flow alternatives are compared on an equal withdrawal basis in an effort to find the most efficient alternative. For instance, for any given level of water withdrawal, which alternative provides the most habitat, and for any given level of habitat, which alternative provides the most water for withdrawal? From the perspective of total available habitat and deep-fast habitat, both the average discharge output and the frequency-weighted output indicate the percent-of-flow approach to be the most efficient. However, results are mixed for the shallow-fast and shallow-slow habitats with all three environmental flow alternatives indicating differing efficiencies at different withdrawal rates.
Key differences emerge in the findings based on average annual discharge (Figure 7 top) or a magnitude-frequency analysis (Figure 7 bottom) . First, total habitat is consistently over-predicted by the average discharge method. This is an expected outcome given that flow frequency distributions are often highly skewed (not normally distributed), which leads to a mean discharge much greater than the median discharge (e.g., 521 cfs vs. 350 cfs for the Middle Oconee River). By combining the probability of each flow magnitude under the three flow scenarios with habitat quantity (through effectiveness analysis), the effect of a naturally non-normally distributed flow frequency curve is incorporated into the habitat quantity calculations, enabling more accurate assessment of changing habitat quantity with increasing withdrawal rates. Second, only tracking average discharge can mask nuanced effects associated with alternative environmental flow regimes. For instance, the shallow-fast habitat assessments with magnitude-frequency analysis show a non-monotonic response, potentially due to changes in low flows as well as central tendencies. Third, the relative ranking of environmental flow strategies shifts depending on whether average or frequency-weighted conditions are used.
CONCLUSION:
This study addressed two primary objectives. First, the team sought to demonstrate a suite of methods for comparing simple environmental flow alternatives and developing flow thresholds which apply a common approach to habitat analyses. Three existing families of methods were coupled to accomplish this objective. Hydrologic simulation is a common tool for examining potential consequences of operational changes at water infrastructure (e.g., Klipsch and Hurst 2013, McKay 2015) and watershed-scale planning (e.g., LaFontaine et al. 2015) . The second major objective was to examine the role of variability in setting flow management thresholds by comparing environmental flow recommendations developed using typical river levels (i.e., long-term averages) with those developed using a frequency-weighted approach (i.e., effectiveness analysis). Environmental flow and river restoration analyses often use average discharge conditions when assessing the benefits of restoration actions. However, this analysis shows that average conditions are not necessarily indicative of the effects of environmental management actions. The effectiveness analysis approach applied here addresses some (not all) of these deficiencies by incorporating the range of variability in discharge along with the event frequency. However, timing, duration, and rate-of-change of flows can also be crucial to ecological functions (Poff et al. 1997 ) and were ignored in this analysis.
This study contributes to a growing body of information about the effects of river flow regimes on the Middle Oconee River ecosystem (e.g., Nelson and Scott 1962 , Grubaugh and Wallace 1995 , Katz and Freeman 2015 , McKay 2015 , McKay et al. 2016 . A number of these studies have focused on the consequences of different environmental flow alternatives, and this body of evidence suggests that overall, percent-of-flow approaches appear to have fewer ecological impacts than minimum flow approaches. However, results shift slightly depending on the process investigated, and in some scenarios minimum flow approaches are functionally equivalent to percent-of-flow approaches (McKay 2015 , McKay et al. 2016 . Although some outcomes are highly sensitive to changes in low flow conditions, many of the species in the river exhibit remarkable resilience to drought and low flows (Katz and Freeman 2015) . Practical issues like multi-purpose operation, constrained outlet structures, or reservoir storage should also be considered when designing flow regimes, and combined approaches (e.g., minimum flow and percent-of-flow approach) may be important to accommodate these constraints during different seasons or for different objectives.
In order to take into account the impact of development on the environment, it is essential to study flow regimes and trade-offs involved in water management. Here, a new coupling of analytical techniques is presented which helps incorporate natural variability into environmental flow studies. In doing so, the importance of hydrologic variability is demonstrated, not only relative to ecological outcomes, but also relative to water management decision making. 
